Optimization of Polymer-Amended Fly Ash and Paper Pulp Millings Mixture for Alternative Landfill Liner  by Slim, Gerjen I. et al.
 Procedia Engineering  145 ( 2016 )  312 – 318 
1877-7058 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ICSDEC 2016
doi: 10.1016/j.proeng.2016.04.079 
ScienceDirect
Available online at www.sciencedirect.com
* Corresponding author. E-mail address: Gerjen.Slim@nau.edu
International Conference on Sustainable Design, Engineering and Construction
Optimization of Polymer-Amended Fly Ash and Paper Pulp 
Millings Mixture for Alternative Landfill Liner
Gerjen I. Slima, Matthew Moralesb, Lamyaa Alrumaidhinc, Patrick Bridgmanc, Jessika 
Gloorc, Steven T. Hoffc, Wilbert I. Odemd
aResearch Associate, Northern Arizona University, 2112 S. Huffer ln. Flagstaff AZ 86011 USA
bProject Manager, City of Flagstaff Cinder Lake Landfill, Flagstaff AZ 86004 USA
cResearch Assistant, Northern Arizona University, 2112 S. Huffer ln. Flagstaff AZ 86011 USA
dProfessor, Northern Arizona University, Flagstaff, 2112 S. Huffer ln. Flagstaff AZ 86011 USA
Abstract
In 2012 the City of Flagstaff partnered with researchers at the Dept. of Civil and Environmental Engineering at Northern Arizona 
University to successfully develop a mix design utilizing sludge derived from the manufacturing of recycled paper pulp sludge
(PPS) and fly ash as a component of a landfill cap. This research has been extended to explore the addition of polymers to the mix 
of waste materials in order to optimize a design that would be suitable as a component for an EPA Subtitle D-approvable landfill 
liner. Cinder Lake Landfill (CLL) serves several communities in Northern Arizona and is managed by the City of Flagstaff. CLL 
does not have a reliable source of clay needed to construct a required landfill liner, which is necessary for the upcoming 108-acre 
landfill expansion. However, CLL receives approximately 80 tons of recycled PPS daily from the local tissue manufacturing plant. 
PPS is currently used as daily cover and was tested for use as part of a landfill cap, as noted above. Incorporating polymers in 
alternative materials such as PPS and fly ash has the potential to meet performance criteria and be approved by state and federal 
regulators, and has the potential to save the City millions of dollars over conventional composite liners of geomembrane and clay. 
Different mixtures of PPS, fly ash and three different polymers are currently being subjected to testing for the following: Water 
Content, Specific Gravity, Porosity, Organic Content, Atterberg Limits (plasticity), Proctor Compaction, Consolidation, California 
Bearing Ratio, Shear Strength, Gas Permeability, and Liquid Permeability. The optimal mixture of PPS and fly ash will be blended 
with a range of polymer concentrations. The goal is to find an optimal mix of PPS, fly ash, and polymer to achieve regulatory 
standards related to permeability, along with other desirable properties such as strength and flexibility. The optimum mixture(s) 
will then be subjected to field trials, scheduled to begin in 2016, in which test cells will be created at CLL. The liner will be 
constructed with the optimized mixture(s), and the cells will be operated as landfills for 1-2 years. Results from lab and field testing 
will be submitted to federal and state regulators for consideration as an alternative liner approach.
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1. Introduction
This paper will look at the effects polymers have on a mixture of Paper Millings (PPS) and Fly Ash (FA). The test 
results reported here are for Organic Content, Specific Gravity, Proctor Compaction, and Direct Shear. The material 
being tested is being considered for use in a landfill liner and ideal properties would include a high angle of friction, 
high shear strength, liquid permeability less than 1x10-7, and be cost efficient. Determining a high unit weight of a 
material mixture at a lower optimum moisture content will help reduce the cost of constructing the landfill liner. Figure 
1a below shows what typical landfill liners should look like, Figure 1b shows a proposed landfill liner with the PPS 
replacing the foundation layer and the HDPE layer, and Figure 1c shows a remolded PPS sample.
Figure 1a: Typical Landfill Liners [1], Figure 1b: Proposed Landfill Liner [1], Figure 1c: Molded PPS sample.
The 18” Hydraulic Barrier in Figure 1b will consist of a mixture of the PPS and FA waste products.
2. Materials
The Fly Ash (FA) and Paper Millings (PPS) were provided by Cinder Lakes Landfill (CLL) and the 3 polymers 
were donated by vendors. The Fly Ash provided was Class C Fly Ash. Class C Fly Ash contains a higher concentration
of lime (CaO) and has cementing characteristics [2]. FA has shown an ability to improve structural strength, water 
retention, and aeration [3, 4, 5]. FA is currently a waste product and can substantially reduce costs [6], but FA is 
starting to be utilized and may increase in price. Paper Millings (PPS) is a waste product from recycling and 
reprocessing paper [7]. PPS have similar characteristics to clay or organic soil [8, 9]. PPS are highly compressible,
and have low shear strengths [10], and should not be constructed on slopes greater than 1:4 [11]. The primary purpose 
of this research is to increase the potential to use this mixture as a hydraulic barrier in the form of a landfill liner. The 
most effective decrease in hydraulic conductivity is around a load of 80 kpa [12]. The polymers are proprietary and 
will not be discussed in detail.
3. Test Method
The preparation of samples is slightly different for each test method specified. When adding polymer to a mixture 
we use 1%, 3%, or 5% of the water weight and add that quantity of polymer to the water, then adding it to the sample 
mixture. The FA and PPS were weighed out in small individual sample batches to help control the quality and then
mixed by hand until the samples looked homogenous.
3.1 Moisture Content and Organic Content
The moisture content of the material will vary greatly considering the PPS is stored in the open air. The field 
moisture content will need to be considered when adding polymer to the material during construction. The organic 
content is expected to be in a range between 35%-56% [8]. Moisture Content was tested in accordance with ASTM 
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D2216-05 [13]. Moisture content is tested to support many laboratory testing processes and was routinely tested during 
this project. Organic content was tested in accordance with ASTM D2974-10 [14]. During construction, the field 
technicians will need to take into account the in situ moisture content and adjust the polymer content of the water 
being added to the mixture.
3.2 Specific Gravity
Specific Gravity is needed to determine the porosity of the material and serves as a control to verify consistent 
mixing of the samples. The specific gravity of PPS is expected to be between 1.8 and 2.08 [8]. The specific gravity of 
FA is expected to range between 2.2-2.8 [15]. Specific Gravity was tested in accordance with ASTM D854-10 [16].
3.3 Proctor Compaction
The behavior of a soil is dependent on the compaction of the soil structure. The shear strength of a material is 
higher when it is compacted dry of the optimum moisture content and the hydraulic conductivity will decrease when 
compacted wet of the optimum moisture content [17]. These items will need to be considered when selecting the final 
mixture for use as the landfill liner. Proctor compaction was conducted in accordance with ASTM D698 [18]. The 
moisture content of the sample is taken from the left over materials in the pan.
3.4 Direct Shear
The direct shear samples were created using 63.5 mm diameter, 25 mm tall brass rings. The samples were created
at 36.65% moisture content. The moisture content was determined from a single proctor compaction test on the PPS.  
The FA control samples were created with 10% moisture content. The addition of FA to PPS is intended to help reduce 
the amount of water needed for the final mixture. The samples were then placed into the brass rings in three layers 
and compacted with 3 drops per layer with a Standard Proctor Hammer. This produced a Compaction Energy of 86.65
kpa for each sample. The samples were tested in accordance with ASTM D5321-02 [19]. The normal loads applied 
for testing were 60 kg, 120 kg, and 240 kg. Higher loading was not attempted due to the high compressibility of the 
PPS control samples. The direct shear testing is required to determine the stability of the material for use in the slopes 
on the side of the landfill.
4. Results
The materials tested were mostly consistent with the expected values. Only the direct shear results produced some 
unexpected results after adding polymers to the material.
4.1 Moisture Content and Organic Content
Moisture content and organic content were tested on the initial samples as shown in Table 1 below.
Table 1. Moisture Content and Organic Content.
Sample Moisture Content (%) Organic Content (%)
Top of Bucket 56.15 52.54
Middle of Bucket 57.74 50.06
Bottom of Bucket 59.24 49.59
The results for moisture content will vary depending on the season and higher moisture contents will be found 
lower in the bucket. The organic content of the material should remain consistent as they come from a single source 
and are consistent with the ranges we were expecting.
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4.2 Specific Gravity
The results for specific gravity assisted in confirming the mixture consistency of the samples. The specific gravity 
of PPS was 1.9, 1.86, and 1.89 for the 3 trials conducted. These results fall within the expected ranges. The FA samples 
ranged between 2.3 and 2.41, these were also within the expected ranges. These results were the boundary conditions 
for verifying the sample mixture quality. Figure 2 below shows the results of the samples mixed with polymers.
Figure 2: Specific Gravity Results for Samples mixed with Polymer.
The mixtures with Polymer A and Polymer B show some inconsistencies, while the results of the sample mixed 
with Polymer C fell within the expected ranges.
4.3 Proctor Compaction
Initial compaction testing has been completed on several mixtures. Figure 3 below shows the results of the 
compaction testing.
Figure 3: Comparison of Compaction Curve Data.
The sample mixtures below show the expected increase in unit weight and decrease in optimum moisture content 
when mixing the material. Two tests were conducted on the PPS control due to an apparent plateau in the unit 
weight over a wide range of moisture content. The test results best fit a C-type compaction curve, the ultimate unit 
weight for this test is not pronounced enough to make any conclusions. More testing is recommended.
4.4 Direct Shear
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The direct shear testing included control tests on PPS, FA and 1:1 samples. These tests are represented by single
points in Figure 4, Figure 5, and Figure 6 below. The samples with polymers added are represented by the line graphs, 
where 1, 2, and 3 in the abscissa represent polymer concentrations of 1%, 3%, and 5% respectively. Figure 4 below 
shows the maximum shear stress results from testing.
Figure 4: Max shear stress of material with 1%, 3%, and 5% polymer additions.
At 1% polymer addition only Polymer A was weaker than the control samples. There were some concerns about 
the mixture of Polymer A, so this mix was retested and Polymer A test b showed a significant increase in shear 
strength at 1%, but the mixture lost strength at 3% and 5% polymer additions. Polymer C showed a continued 
increase in shear strength with the addition of more polymer. The Angle of Friction was determined for each set of 
tests and the results compared in Figure 5 below.
Figure 5: Angle of Friction of material with 1%, 3%, and 5% polymer additions.
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At 1% polymer addition Polymer A test b showed the highest Angle of Friction but then the Angle of Friction 
decreased with the addition of more polymer. The Angle of Friction increased with all polymer additions from the 
control samples except Polymer A. The Angle of Friction results are all greater than 30 degrees, which is more 
consistent with the USCS classification for sands, silts, and gravels [20] rather than the expected clay classification 
which are below 30 degrees [20]. Sands, silts, and gravels are assumed to have no cohesion [21], and as Figure 6
shows below, the cohesion of the material tested would be more consistent with that of clays [20] than that of 
granular material.
Figure 6: Cohesion of material with 1%, 3%, and 5% polymer additions.
Although this material is more consistent with clays [8, 9] than gravel, this material has cohesion ranging from 
more than 2 times the cohesion to just over 6 times the cohesion of Fat Clays (25 kpa) [20]. As shown in Figure 6,
Polymer B shows the most pronounced increase in cohesion, where Polymer A does not consistently increase with 
the addition of more polymer.
5. Conclusion
The addition of polymers to a mixture of paper millings and fly ash shows the potential to increase desirable 
engineering properties of the material. Initial testing shows Polymer A at 1% to have the highest unit weight. This 
will translate into a tighter packed soil structure and should provide a lower hydraulic conductivity. The material with 
the addition of Polymer B showed the most consistent improvement in shear strength, cohesion and the angle of 
friction, making this mixture the most suitable for construction. Further testing is recommended to verify these results. 
Additional testing will be conducted on these material mixes. Future testing will include Liquid Permeability, Gas 
Permeability, Consolidation, and California Bearing Ratio.
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